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ON-CHIP INTERFACE TRAP
CHARACTERIZATION AND MONITORING

FIELD OF THE INVENTION

The present invention relates to the field of semiconductor
devices. More specifically, the present imnvention relates to
semiconductor device testing circuitry and methods for test-
ing semiconductor devices.

BACKGROUND ART

1/T noise 1s important 1n mixed signal and analog applica-
tion because it presents a lower limit of the signal level that
can be processed. It 1s believed that 1/1 noise 1n 1ntegrated
circuit devices 1s caused by charge trapping and de-trapping
at the traps near the oxide and silicon interface. One conven-
tional process for characterizing the density of interface traps
includes connecting a stand-alone waveform generator to the
semiconductor substrate and connecting a testing device to
the wavelorm generator. Typically, the testing device 1s a
computer that connects to the waveform generator using an
clectrical cable that connects to a serial port or a USB port on
the wavelorm generator. However, the wavelorm generator 1s
expensive and time consuming to set up.

Though conventional 1n-line testing methods are suificient
for testing the characteristics of semiconductor devices with
just a few different types of transistors, processing technolo-
gies are moving to processes that use many different transis-
tor types 1n the same product. For example, a single die can
include NMOS and PMOS transistors, low and high threshold
voltage transistors, transistors having different thicknesses of
gate oxide, buried channel transistors, surface channel tran-
sistors, different doping concentrations, different N-well and
P-well characteristics, etc.

Accordingly, there 1s a need for a method and apparatus
that will allow for testing semiconductor die that include
multiple different types of transistors. In addition, there 1s a
need for a method and apparatus that will meet the above need
and that does not require the use of a stand-alone waveform
generator.

DISCLOSURE OF THE INVENTION

The present invention provides a method and apparatus for
testing semiconductor waiers using a test circuit that includes
a wavelorm generator. In one embodiment, each test circuit
includes a wavelorm generator and a single device under test.
In another embodiment multiple devices under test are con-
nected to a common set of contact pads, allowing for testing,
of multiple different devices on the semiconductor wafer
using a limited number of contact pads.

A testing method 1s disclosed in which a supply voltage 1s
applied to a wavelorm generator. The wavelorm generator
then produces pulses that are applied to a gate of a transistor
to be tested. A bias voltage 1s applied to the source and drain
of the transistor to be tested, where the source and the drain of
the transistor to be tested are electrically coupled together.
The current (I-,) that 1s generated at the body of the semi-
conductor water 1s then measured, and the process 1s repeated
at different bias voltage levels to obtain additional current
measurements, indicating the maximum charge pumping cur-
rent I, ... tor the transistor that is being tested. The deter-
mined maximum charge pumping current can then used to
calculate the density of interface traps (Nit) for the device
under test or can be used independently for determining
whether there 1s excessive 1/1 noise 1n the device under test.
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When the test indicates that there 1s excessive 1/1 noise, the
production processes can be altered to try to improve the
interface characteristics so as to reduce the indicated 1/1
noise.

Accordingly, the method and apparatus of the present
invention facilitates in-line automatic measurement of inter-
face state density, allowing for quick and accurate determi-
nation of interface state density. Moreover, because the test
circuits of the present invention include a wavelorm genera-
tor, there 1s no need to connect the test circuitry to a stand-
alone wavelorm generator as 1s required 1n prior art testing
methods, saving setup time and the cost of purchasing a
stand-alone wavetorm generator. These and other advantages
of the present invention will no doubt become obvious to
those of ordinary skill 1n the art after having read the follow-
ing detailed description of the preferred embodiments, which
are 1llustrated 1n the various drawing figures.

BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying drawings, which are mcorporated in
and form a part of this specification, i1llustrate embodiments
of the invention and, together with the description, serve to
explain the principles of the mnvention.

FI1G. 11s a diagram that illustrates a test circuit that includes
a wavelorm generator and a transistor to be tested 1n accor-
dance with one embodiment of the present invention.

FI1G. 2 1s a diagram thatillustrates a top view of a portion of
a semiconductor substrate on which die regions have been
formed and on which the test circuit of FIG. 1 has been
formed 1n accordance with one embodiment of the present
ivention.

FIG. 3 1s adiagram of voltage (Volts) versus time at node 61
shown 1n FIG. 1 1n accordance with one embodiment of the
present invention.

FIG. 4 1s a diagram of voltage (Volts) versus time that
illustrates an exemplary waveform that 1s generated by the
wavelorm generator in accordance with one embodiment of
the present invention.

FIG. § 1s a diagram of charge pumping current (I-,) 1n
Amperes versus bias voltage (V ., ») 1n Volts for an exemplary
transistor that 1s being tested 1n accordance with one embodi-
ment of the present invention.

FIG. 6 1s a diagram of a testing circuit that includes a
wavelorm generator, a decoder and four transistors to be
tested 1n accordance with one embodiment of the present
ivention.

FIG. 7 1s a diagram that illustrates a top view of a portion of
a semiconductor substrate on which die regions have been
formed and on which the test circuit of FIG. 6 has been
formed 1n accordance with one embodiment of the present
invention.

FIG. 8 1s a diagram thatillustrates a top view of a portion of
a semiconductor substrate on which die regions have been
formed and on which a test die has been formed that includes
the test circuit of FIG. 6 1n accordance with one embodiment
of the present invention.

FIG. 9 1s a diagram of a testing circuit that includes a
wavelorm generator, a decoder and four transistors to be
tested, where two of the transistors to be tested are P-channel
transistors and two of the transistors to be tested are N-chan-
nel transistors, in accordance with one embodiment of the
present invention.

DETAILED DESCRIPTION OF THE INVENTION

Retference will now be made 1n detail to the preferred
embodiments of the invention, examples of which are 1llus-
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trated 1n the accompanying drawings. While the invention
will be described 1n conjunction with the preferred embodi-
ments, 1t will be understood that they are not intended to limit
the mvention to these embodiments. On the contrary, the
invention 1s intended to cover alternatives, modifications and
equivalents, which may be included within the spirit and
scope of the mvention as defined by the appended claims.
Furthermore, in the following detailed description of the
present mvention, numerous specific details are set forth in
order to provide a thorough understanding of the present
invention. However, 1t will be obvious to one of ordinary skill
in the art that the present invention may be practiced without
these specific details. In other instances, well-known meth-
ods, procedures, components, and circuits have not been
described 1n detail so as not to unnecessarily obscure aspects
ol the present 1nvention.

FI1G. 1 shows a test circuit 100 that includes a device to be
tested (device under test) 5 and a wavetorm generator 10 that
are formed on the semiconductor waler to be tested. The
wavelorm generator 10 1s electrically connected to the device
under test 5. Test circuit 100 also includes contact pads 14-18
that provide for coupling input and output to wavelorm gen-
erator 10 and device under test 5. In the present embodiment
contact pad 14 provides supply voltage (V) to wavelorm
generator 10 and contact pad 135 provides a control voltage
(V convrror ) t0 wavelorm generator 10.

Waveform generator 10 includes inverters 11-12, a resistor
6 and a capacitor 7 that are coupled together so as to form a
multivibrator type oscillator that 1s connected to a Schmatt
trigger 8. More particularly, mverter 11 1s electrically con-
nected to supply voltage contact pad 14 and to ground 2. The
output of mnverter 11 1s electrically connected to the mput of
iverter 12. Inverter 12 1s electrically connected to supply
voltage contact pad 14 and to ground 3. The output of inverter
12 1s electrically connected to Schmitt trigger 8. Control
voltage contact pad 15 1s electrically connected to one termi-
nal of capacitor 7. The other terminal of capacitor 7 1s con-
nected to the output of inverter 12 between the output of
iverter 12 and the mput of Schmitt trigger 8. One end of
resistor 6 1s electrically connected to the output of inverter 11
between the output of inverter 11 and the input of inverter 12.
The other end of resistor 6 electrically connects to the input of
inverter 11 and to capacitor 7.

In the present embodiment capacitor 7 1s a variactor having,
a voltage that 1s controlled by mput received over control
voltage contact pad 15. In the present embodiment the fre-
quency of wavelorm generator 10 1s set by adjusting the
voltage applied to V -, rnor contact pad 15. The output of
Schmitt trigger 8 1s electrically connected to device under test
5 and to calibration contact pad 18. Contact pads 16-17 elec-
trically couple to device under test 5 for coupling input to, and
receiving output from, device under test 3.

In the present embodiment device under test 5 1s a NMOS
transistor that includes a gate that 1s electrically coupled to
Schmitt trigger 8. The source and drain of the NMOS tran-
sistor are electrically connected together and electrically con-
nected to V., contact pad 17. The body of device under test 5
1s electrically connected to V., contact pad 16. In the
present embodiment V ., » contact pad 16 1s an NMOS tran-
sistor that 1s electrically coupled to the substrate near device
under test 5. This can be a contact that connects to the N or P
well within which device under test 5 1s formed.

Still referring to FIG. 1, test circuit 100 1s formed on a
single semiconductor water that 1s to be tested. Test circuit
100 can be either formed 1n a scribe line or 1n a test die on the
semiconductor waler to be tested, with contact pads 14-18
exposed so as to allow for testing of the semiconductor water.
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In the present embodiment test circuit 100 1s formed using
some or all of the process steps that are used to form surround-
ing die with device under test 5 being a type of device that 1s
also formed 1n surrounding die. In the embodiment shown 1n
FIG. 1, the NMOS transistor that 1s the device under test 5 1s
identical to a NMOS transistor in the die and 1s formed at the
same time as the corresponding NMOS transistor 1in the die.
This produces a test circuit that includes a device under test
that has the same electrical and physical properties of the
device of interest 1n the production die.

FIG. 2 shows an embodiment 1n which test circuits 100a-¢
are formed 1n scribe lines of an exemplary semiconductor
waler 50. More particularly, test circuits 100a-c are formed 1n
the space between die 52. Alternatively, test circuits 100 a-c
could be formed in one or more test die (not shown) on
semiconductor water 50. In the present embodiment each of
test circuits 100a-c tests a different device under test 5. In one
embodiment test circuit 100a tests a first type of NMOS
transistor, test circuit 1005 tests a different type of NMOS
transistor, and test circuit 100¢ tests a PMOS transistor. The
different types of transistors that are tested by test circuits
100a-c can differ by having, for example, different N-well or
P-well doping concentrations, different source/drain charac-
teristics, different gate oxide thickness, different size, difier-
ent threshold voltage levels, buried channels, surface chan-
nels, etc. In the present embodiment, each device under test 5
that 1s tested by test circuits 100a-c 1s a type of device that 1s
also formed 1n a die 52. Accordingly, each of test circuits
100a-c will allow for measurement of S1/510,, interface state
density of a different device 1n die 52.

In the present embodiment the test begins by coupling
external circuitry to contact pads 14-18. The external circuitry
can be connected using probe pads that include pins that
contact each of contact pads 14-18 of a test circuit 100a-c¢ that
1s to be tested. Supply voltage 1s applied through V ,, , contact
pad 14 and ground 1s applied through grounding the bottom of
the waler or through one or more ground contact pads (not
shown). Voltage 1s applied to V -~ rrro7 contact pad 135 and
the output of wavelorm generator 10 1s monitored through
calibration contact pad 18. In the present embodiment an
oscilloscope or other monitoring device (e.g., a computer
having a test program) 1s connected to calibration contact pad
18 for monitoring the output of wavetorm generator 10.

A calibration process 1s then performed by adjusting the
voltage applied to V ~,rr207 contact pad 135 until the desired
wavelorm frequency 1s obtained. Referring now to FI1G. 3, an
exemplary wavetorm 41 1s shown that is generated at node 61.
Wavelorm 41 1s shaped by Schmitt trigger 8 so as to obtain
wavelorm 42 shown 1n FIG. 4. Wavelorm 42 includes pulses
having a voltage amplitude of +5 volt. The output of Schmutt
trigger 8 1s applied to the gate of the device under test 5. More
particularly, in the present embodiment, wavelform 42 1s
applied to the gate of the transistor to be tested (device under
test 5). AvoltageV ., 1s applied to V., contact pad 17 so as to
apply a bias voltage to the source/drain of device under test 5.
Wavetorm generator 10 pulses the substrate between inver-
sion and accumulation and the resulting charge pumping
current (I-») caused by the repetitive recombination at the
interface traps 1s measured at V., contact pad 16. This
process 1s repeated at different substrate bias levels to obtain
additional measurements. The maximum charge pumping
current I - obtained by varying the substrate bias, referred to
as maximum charge pumping current I, .. 18 then deter-
mined. FIG. 5 shows an exemplary graph in which the charge
pumping current I, 1s mdicated on the vertical axis and
substrate bias 1s indicated on the horizontal axis to obtain a
curve 43 for an exemplary device under test 5. In the present
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example, the maximum charge pumping current obtained by
varying the substrate bias is approximately 2.0x107°
Amperes.

The determined maximum charge pumping current 1s then
used to determine interface state density. In the present
embodiment interface state density 1s determined by calcu-
lating the interface state density (Nit) using the following
equation:

I, max—treqx AreaxgxNit
where Ireq 1s the frequency of the pulse applied to the gate;
Area the area of the transistor gate; and g the electron charge.
It 1s appreciated that other equations and other methods, well
known 1n the art, could also be used for determining interface
state density using charge pumping current (I,-») and/or maxi-
mum charge pumping current I, . measurements. The
present mvention 1s mntended to cover all such alternative
embodiments.

A high I » ,.. gives a high Nit, indicating excessive 1/1
noise in the device under test 5. Fabrication processes can
then be altered to try to reduce the indicated 1/fnoise. Testing,
1s then performed on semiconductor walers from the revised
tabrication process. This procedure 1s repeated to obtain die
52 having acceptable 1/1 noise characteristics.

FIG. 6 shows a test circuit 600 that includes four different
transistors 21-24 that are to be tested. Test circuit 600 includes
a wavelorm generator 10 that 1s electrically connected to
contact pads 14-15 and 18. A switching circuit extends
between each device under test 21-24 and the output of wave-
form generator 10 such that each device under test 21-24 can
be mdividually selected for testing. In the present embodi-
ment, the switching circuit includes NMOS transistors 31-34,
decoder 235 and contact pads 26-27. The gate of each of
NMOS transistor 31-34 1s electrically connected to decoder
25. Decoder 25 1s electrically connected to contact pads 26-27
tor controlling the operation of NMOS transistors 31-34.

Continuing with FIG. 6, the source of NMOS transistor 31
1s electrically connected to the output of wavelorm generator
10, and the drain of NMOS transistor 31 1s electrically con-
nected to the gate of device under test 21. The source of
NMOS transistor 32 1s electrically connected to the output of
wavelorm generator 10, and the drain of NMOS transistor 32
1s electrically connected to the gate of device under test 22.
The source of NMOS transistor 33 1s electrically connected to
the output of wavelorm generator 10, and the drain of NMOS
transistor 33 1s electrically connected to the gate of device
under test 23. Similarly, the source of NMOS transistor 34 1s
clectrically connected to the output of wavelform generator
10, and the drain of NMOS transistor 34 1s electrically con-
nected to the gate of device under test 24. The source and
drain of each device under test 21-24 are electrically con-
nected together and are electrically connected to V ., contact
pad 17. The substrate of each device under test 21-24 1s
clectrically connected to V., » contact pad 16. In the present
embodiment V, . contact pad 16 1s electrically coupled to
the substrate near each device under test 21-24 (e.g., a contact
that connects to the P well within which device under test

21-24 1s Tormed).

Though each device under test 21-24 1s shown as being an
NMOS transistor, devices under test 21-24 can also be PMOS
transistors. Though test circuit 600 1s shown to include four
devices under test 21-24, it 1s appreciated that test circuit 600
can include more or fewer devices under test. Accordingly,
test circuit 600 allows for testing all of the different types of
devices on each die 52 that are likely to produce different 1/1
noise characteristics.
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In the present embodiment testing using circuit 600 begins
by coupling external circuitry to contact pads 14-18 and
26-27. In the present embodiment probe pads are used that
include pins that contact each of contact pads 14-18 and
26-27. Supply voltage 1s applied through V ,,, contact pad 14,
and ground 1s applied through grounding the bottom of the
waler or through one or more ground contact pad (not shown).
Voltage 1s applied to V - 5= 07 contact pad 135 and the output
of wavetorm generator 10 1s monitored through calibration
contact pad 18. In the present embodiment an oscilloscope or
other monitoring device (e.g., a computer having a test pro-
gram) 1s connected to calibration contact pad 18 and a cali-
bration process 1s performed by adjusting the voltage applied
to V -~ onvreor cOntact pad 15 until the desired pulse frequency
1s obtained (e.g., wavelorm 42 shown 1n FIG. 4).

When voltage 1s applied to V,, and V .07 cOntact
pads 14-15, wavelorm generator 10 generates pulses that are
applied to each device under test 21-24 to be tested. More
particularly, input through contact pads 26-27 turns on one of
transistors 31-34, sending the output of wavetform generator
10 to the particular transistor 21-24 that was selected by
decoder 25. In one embodiment an address 1s received over
address lines a0 and al via contact pads 26-27 that indicates
which NMOS transistor 31-34 to be turned on. This address 1s
received by decoder 25 which then applies a voltage to the
selected NMOS transistor 31-34. A voltage V ., 1s applied to
V . contact pad 17 so as to apply a bias to each device under
test 21-24. Wavelorm generator 10 pulses the substrate
between inversion and accumulation and the resulting charge
pumping current (I .,) caused by the repetitive recombination
at the interface traps 1s measured at V ., contact pad 16. This
process 1s repeated at different substrate bias levels to obtain
additional measurements, providing the maximum charge
pumping current I .. Tor the device 21-24 being tested.
This process 1s repeated for each device under test 21-24,
providing a maximum charge pumping current I, .. for
cach device under test 21-24.

Following 1s an example in which each of transistors 21-24
are tested. First, NMOS transistor 31 1s turned on so as to
connect the gate of device under test 21 with waveform gen-
erator 10, pulsing NMOS transistor 21 between inversion and
accumulation. The charge pumping current (I .,) that 1s pro-
duced 1s measured at V ., » contact pad 16 for each substrate
bias level to be tested, providing the maximum charge pump-
ing current I ... for device under test 21. NMOS transistor
32 1s then turned on to connect the gate of device under test 22
with wavetform generator 10, pulsing NMOS transistor 22
between inversion and accumulation. The charge pumping
current (I,.,) that 1s produced 1s measured at V,, for each
substrate bias level to be tested, providing the maximum
charge pumping current I, .. for device under test 22. ' This
process 1s repeated for device under test 23 and device under
test 24, providing the maximum charge pumping current
Iep. max f0r device under test 33 and for device under test 24.

In the embodiment shown in FIG. 7 test circuit 600 1s
shown to be formed on a single semiconductor water 700 that
1s to be tested. In the present embodiment all of test circuit 600
1s formed 1n a scribe line on semiconductor water 700, with
contact pads 14-18 and 26-27 exposed so as to allow for
testing of semiconductor wafer 700. Though the embodiment
shown 1n FIG. 7 shows test circuit 600 to be formed 1n the
scribe lines between die 52. Alternatively, test circuit 600
could be formed 1n a dedicated test die 80 as shown 1n FIG. 8.

Test circuit 600 1s formed at the same time as die 52, using,
some or all of the process steps that are used to form surround-
ing die 52. In the present embodiment, each device under test
21-24 1s a type of device that 1s formed 1n surrounding die 52
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such that the charge pumping current, the maximum charge
pumping current and the density of interface traps of each
device under test 21-24 indicates the 1/1 noise characteristics
ol a corresponding device 1n die 52.

The testing methods 1llustrated in FIGS. 6-7 and test circuit
600 allow for different types of devices to be tested using the
same test circuit 600, without the need to probe multiple
different test circuits as 1s required 1n the embodiment shown
in FIG. 1. In addition, there 1s no need to perform multiple
calibrations since a single calibration can be used for testing
all of devices under test 21-24 1n test circuit 600.

Though test circuit 600 1s shown to include four devices
under test 21-24, 1t 1s appreciated that test circuit 600 can
include more or fewer devices under test. In addition, though
the devices under test 21-24 are shown as being NMOS tran-
sistors test circuit 600 can also test PMOS transistors and can
test a combination of NMOS transistors and PMOS transis-
tors. In the embodiment shown in FIG. 9, both NMOS and
PMOS devices are tested. More particularly, a test circuit
6004 1s shown that includes PMOS devices 214 and 22a, and
NMOS devices 23-24. In this embodiment the body of each
NMOS device 23-24 1s electrically connected to V ., contact
pad 16. The body of each PMOS device 21a and 22a are
electrically connected to a V., . contact pad 90. More par-
ticularly, in the present embodiment V ., ,» contact pad 90 1s
clectrically coupled to the N-well of each PMOS device 21a
and 22a. In operation, when NMOS devices 23 and 24 are
tested 1., 1s measured at V,,, contact pad 16. Similarly,
when PMOS devices 21a and 22q are tested 1~ 1s measured
at V., contact pad 90.

The test circuits of the present invention allow for testing
numerous different types of devices using a limited number of
contact pads. Accordingly, more devices on each semicon-
ductor waier can be tested while using only a limited amount
of surface area on the semiconductor water. In addition, by
including a waveform generator on the semiconductor watfer
there 1s no need to attach the semiconductor water to a stand-
alone wavetorm generator, saving setup time and the cost of
purchasing a stand-alone waveform generator. Accordingly,
the methods and apparatus of the present invention allow for
testing devices on a semiconductor wafer without the need to
connect the semiconductor waler to a wavelorm generator.
Moreover, the methods and apparatus of the present invention
allow for testing numerous different types of devices, saving
setup time and testing time.

The preferred embodiment of the present mnvention 1s thus
described. While the present invention has been described 1n
particular embodiments, it should be appreciated that the
present invention should not be construed as limited by such
embodiments, but rather construed according to the following
claims.

What 1s claimed 1s:

1. A test circuit comprising:

a wavelorm generator formed within scribe lines that
extend between a die or within a test die of a semicon-
ductor wafer, the waveform generator formed during a
semiconductor process that forms the die on the semi-
conductor wafer:;

a transistor to be tested formed within scribe lines that
extend between a die or within a test die of the semicon-
ductor water, the transistor to be tested formed during a
semiconductor process that forms the die on the semi-
conductor wafer, the transistor to be tested including a
gate that 1s electrically coupled to the waveform genera-
tor, and including a source and a drain that are electri-
cally coupled together;
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a first contact pad electrically coupled to the source and the
drain of the transistor to be tested for providing a bias
voltage to the transistor to be tested, the first contact pad
formed within scribe lines that extend between a die or
within a test die of said semiconductor water, the first
contact pad formed during a semiconductor process that
forms the die on the semiconductor wafer; and

a second contact pad electrically coupled to the body of the
transistor to be tested, the second contact pad formed
within scribe lines that extend between a die or within a
test die of the semiconductor waler, the second contact
pad formed during a semiconductor process that forms
the die on the semiconductor wafer.

2. The test circuit of claim 1 further comprising a third
contact pad that 1s electrically coupled to the waveform gen-
erator for monitoring the output of the waveform generator,
the third contact pad formed within scribe lines that extend
between a die or within a test die of the semiconductor water,
the third contact pad formed during a semiconductor process
that forms the die on the semiconductor wafer.

3. The test circuit of claim 2 further comprising a fourth
contact pad and a fifth contact pad that are electrically
coupled to the wavelorm generator, the fourth contact pad for
coupling voltage to the wavelorm generator and the fifth
contact pad for controlling the frequency of pulses generated
by the waveform generator, the fourth contact pad and the
fifth contact pad formed within scribe lines that extend
between a die or within a test die of the semiconductor wafer,
the fourth contact pad and the fifth contact pad formed during
a semiconductor process that forms the die on the semicon-
ductor water.

4. The test circuit of claim 3 wherein the waveform gen-
erator further comprises a multivibrator type oscillator and a
Schmitt trigger, the output of the oscillator electrically
coupled to the mput of the Schmutt trigger.

5. A test circuit comprising:

a wavelorm generator formed on a semiconductor wafer,
the waveform generator formed within scribe lines that
extend between a die or within a test die of the semicon-
ductor wafer, the wavelorm generator formed during a
semiconductor process that forms the die on the semi-
conductor water;

a plurality of transistors to be tested on the semiconductor
waler, each of the transistors to be tested including a
source and a drain that are electrically coupled together
and that are electrically coupled to a first contact pad, the
plurality of transistors to be tested and the first contact
pad formed within scribe lines that extend between a die
or within a test die of the semiconductor water, the
plurality of transistors to be tested and the first contact
pad formed during a semiconductor process that forms
the die on the semiconductor water; and

a switching circuit disposed on the semiconductor wafer,
the switching circuit coupled to the wavelform generator
and operable to selectively couple the wavelorm genera-
tor to the transistors to be tested, the switching circuit
formed within scribe lines that extend between a die or
within a test die of the semiconductor water, the switch-
ing circuit formed during a semiconductor process that
forms the die on the semiconductor wafer.

6. The test circuit of claim 3 fturther comprising a second
contact pad for coupling output from the test circuit, the
second contact pad electrically coupled to the body of the
transistor to be tested, the second contact pad formed within
scribe lines that extend between a die or within a test die of the
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semiconductor water, the second contact pad formed during a
semiconductor process that forms the die on the semiconduc-
tor wafer.

7. The test circuit of claim 5 wherein the transistors to be
tested comprise PMOS transistors.

8. The test circuit of claim 5 wherein the transistors to be
tested comprise both NMOS transistors and PMOS transis-
tors.

9. A testing method comprising:

applying a supply voltage to a wavelorm generator such
that the wavelorm generator produces pulses that are
applied to a gate of a transistor to be tested, the wave-
form generator and the transistor to be tested formed
within scribe lines that extend between a die or within a
test die of a semiconductor water, the wavelform genera-
tor and the transistor to be tested formed during a semi-
conductor process that forms the die on the semiconduc-
tor wafer:

applying a voltage to a drain and to a source of the transistor

to be tested, the drain and the source of the transistor to
be tested electrically coupled together; and measuring
the current that 1s generated at the body of the transistor
to be tested.

10. A testing method as recited 1n claim 9 wherein the
applying a voltage to the drain and to the source of the tran-
sistor to be tested further comprises applying a voltage to a
first contact pad that 1s electrically coupled to the source and
the drain of the transistor to be tested, the first contact pad
tformed within scribe lines that extend between a die or within
a test die of the semiconductor wafer, the first contact pad
formed during a semiconductor process that forms the die on
the semiconductor wafer.

11. A testing method as recited in claim 10 wherein the
measuring the current that 1s generated at the substrate of the
semiconductor wafer further comprises measuring the cur-
rent at a second contact pad that 1s electrically coupled to the
substrate of the semiconductor wafer near the transistor to be
tested, the second contact pad formed within scribe lines that
extend between a die or within a test die of the semiconductor
waler, the second contact pad formed during a semiconductor
process that forms the die on the semiconductor wafer.

12. A testing method as recited in claim 11 wherein the
applying a supply voltage to a wavelorm generator further
comprises applying a supply voltage to a fourth contact pad
that 1s electrically coupled to the wavelorm generator, the
fourth contact pad formed within scribe lines that extend
between a die or within a test die of the semiconductor water,
the fourth contact pad formed during a semiconductor pro-
cess that forms the die on the semiconductor wafer, said
method further comprising:

calibrating the waveform generator by applying a voltage

to a fifth contact pad that 1s electrically coupled to the
wavelorm generator while monitoring a sixth contact
pad that 1s electrically coupled to the output of the wave-
form generator, the fifth contact pad formed within
scribe lines that extend between a die or within a test die
of the semiconductor water, the fifth contact pad formed
during a semiconductor process that forms the die on the
semiconductor wafer.

13. A testing method as recited 1n claim 9 wherein the
applying a supply voltage to a wavetorm generator applies aid
the pulses to gates of additional transistors to be tested that are
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formed on the semiconductor substrate, the additional tran-
sistors formed within scribe lines that extend between a die or
within a test die of the semiconductor water, the additional
transistors formed during a semiconductor process that forms
the die on the semiconductor wafer, the method further com-
prising:

recerving mput at a switching circuit, the switching circuit

operable upon recerving the mput to selectively couple
the wavelorm generator to the gate of the transistor to be
tested or to a gate of one of the additional transistors to
be tested, the switching circuit formed within scribe
lines that extend between a die or within a test die of the
semiconductor water, the switching circuit formed dur-
ing a semiconductor process that forms the die on the
semiconductor wafer.

14. An apparatus for measuring charge pumping current
comprising;

means for generating a wavetform that includes pulses, the

means for generating a waveform formed within scribe
lines that extend between a die or within a test die of a
semiconductor wafer, the means for generating a wave-
form formed during a semiconductor process that forms
the die on the semiconductor water;

means for coupling the wavetorm to a gate of a transistor to

be tested, the means for coupling the wavetorm to a gate
of a transistor to be tested and the transistor to be tested
formed within scribe lines that extend between a die or
within a test die of the semiconductor water, the transis-
tor to be tested formed during a semiconductor process
that forms the die on the semiconductor water:;

voltage means for applying a bias voltage to a source and a

drain of the transistor to be tested, the source and the
drain electrically coupled such that the waveform pulses
a substrate of the semiconductor waler between ver-
ston and accumulation so as to generate a charge pump-
ing current at the substrate; and

connection means for electrically coupling an external

device to the body of said transistor to be tested for
measuring the charge pumping current.

15. The apparatus of claim 14 wherein the means for cou-
pling the waveform to a gate of a transistor to be tested and the
transistor to be tested are formed on the semiconductor water
during a semiconductor manufacturing process, the connec-
tion means imncluding a contact pad that 1s electrically coupled
to the substrate proximate the transistor to be tested, the
contact pad formed within scribe lines that extend between a
die or within a test die of the semiconductor water, the contact
means formed during a semiconductor process that forms the
die on the semiconductor wafer.

16. The apparatus of claim 15 wherein the means for gen-
crating a wavelorm comprises a wavelorm generator that 1s
clectrically coupled to the transistor to be tested, the means
tor coupling the wavetorm to a gate of a transistor to be tested
including a switching circuit that 1s electrically coupled to the
wavelorm generator, to the transistor to be tested and to a
plurality of other transistors to be tested, the switching circuit
and the plurality of other transistors formed within scribe
lines that extend between a die or within a test die of a
semiconductor wafer, the switching circuit and the plurality
of other transistors formed during a semiconductor process
that forms the die on the semiconductor wafer.
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